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As it has been found experimentally K. Clays and B. Coe, Chem. Mater. 15, 642 2003; B. J. Coe
et al., 126, 10418 2004, elongation of the conjugation path length and N-arylation in stilbazolium
chromophores both lead to substantial enhancement of the molecular optical nonlinearities. In the
present contribution the authors perform a quantum chemical analysis of the excited state properties
and quadratic nonlinear optical responses of a series of this type of dyes. Nonlinear optical
responses are estimated by both finite-field and two-state model approaches that demonstrate an
excellent qualitative mutual agreement. Time-dependent density functional theory calculations on
the isolated cations predict redshift in the energy of the intramolecular charge transfer transition that
is overestimated for cations with the longer conjugation path length. At the same time, in
comparison with the Stark spectroscopy measurements the differences between the excited and
ground state dipole moments are grossly underestimated for all compounds. The inclusion of solvent
effect by polarizable continuum model affords a better agreement with experiment for these
quantities. The authors’ calculations demonstrate the crucial dependence of the electronic excitation
properties on the way of the investigated compound geometry optimization. The origin of such
dependence is discussed. © 2006 American Institute of Physics.
DOI: 10.1063/1.2403864
I. INTRODUCTION
Substances that exhibit highly nonlinear optical NLO
responses are currently of great scientific and technological
interest because of their potential use for communications
and optical information processing.1–3 Quadratic NLO ef-
fects such as frequency doubling and optical parametric os-
cillation allow the manipulation of laser beams in optical
data processing. Although most chromophores are neutral
molecules, various charged compounds also exhibit NLO ef-
fect. Among such compounds, hemicyanine stilbazolium
salts are particularly attractive for device application.4
One aspect of particular interest with organic salts is the
use of counterion variation to control the alignment of ionic
chromophores in a noncentrosymmetric bulk structures
which are essential for quadratic NLO effect. Furthermore,
ionic crystals possess inherently greater stabilities and higher
chromophore number densities than potential alternatives for
NLO device applications such a poled polymer materials.
Since the NLO response of these molecular organic crystals
is ultimately governed by the hyperpolarizability  of the
constituent molecular chromophores, the search of novel
molecules capable of manipulating electric fields, especially
photonic signals, is currently an intense area of research.5–22
Because practical applications of NLO materials must
avoid any actual photon absorption, it is necessary to refer to
static off-resonance first hyperpolarizability 0. This chro-
mophore characteristic value can be estimated using a two-
state model23 TSM for dipolar chromophores from two
types of experimental results: i from the hyper-Rayleigh
scattering HRS determined and therefore resonance en-
hanced  values and ii from Stark electroabsorption EA
spectroscopy data.
Organic molecules having large quadratic NLO activities
typically contain electron donor D and acceptor A groups
connected via polarizable -conjugated spacer. The NLO
properties of such polarizable dipolar compounds are caused
by intense, low energy D→A* intramolecular charge
transfer ICT transitions. Recent synthetic efforts have suc-
ceeded in increasing the 0 values of stilbazolium chro-
mophores by elongation of the conjugation pathway7 and by
the increasing the acceptor strength of pyridinium nitrogen
by the attachment of N-aryl substituents.8 Both of these de-
sign strategies in combination were analyzed by Clays and
Coe.11 Effect of N-arylation of pyridinium group in stilbazo-
lium dyes was theoretically considered by different methods
in both gas phase and acetonitrile MeCN solute.12 A series
of stilbazolium cations with different lengths of
-conjugated spacer was theoretically studied with neglect
of the solvent effect.10
In the present study our investigation is focused on the
well-studied stilbazolium cation 2 and its analogs with dif-
ferent conjugation path lengths Fig. 1 by inclusion of dif-
ferent polarity solvent effect consideration. Compound 5
had been considered to study the effect of N-arylation on the
NLO response. Obtained results were compared with previ-
ous theoretical data by Coe et al.12
The equilibrium theoretical structures obtained for cat-
ions 1, 2, 4, and 5 were validated by comparisonaElectronic mail: talgat@imr.edu
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against experimentally determined x-ray crystal data.8–10 To
estimate the value of first static hyperpolarizability two dif-
ferent approaches were used: i the TSM approach and ii
the finite-field FF method.24 Excited state property analysis
was carried out by employing the time-dependent TD den-
sity functional theory. Calculated data are compared with
experimental values from HRS Ref. 9 and EA spectroscopy
measurements.5,6,9,10 Recently, we have investigated a series
ruthenium II ammine complexes with extended conjugation
path length by the approach employed in the present paper,
and good agreement with EA measurements had been
achieved.22
II. COMPUTATIONAL DETAILS
The TSM allows one to represent  as product of “in-
trinsic” hyperpolarizability TS
0
and frequency-dependent
dispersion function as
 = TS
01 − 2E2 
−11 − 42E2 
−1
, 1
TS
0
=
32
E2
, 2
where E is the resonance energy of ICT,  is the transition
dipole moment, and  is the difference between excited
and ground state dipole moments. Perturbation B conven-
tion is used in Eq. 2.25 The TSM is very fruitful for theo-
retical study of NLO compounds since it allows the detailed
analysis of electronic structure of investigated chro-
mophores, while the other theoretical methods do not pro-
vide an intuitive interpretation of the obtained results.
In contrast to the TSM, the FF method does not describe
the  in terms of microscopic molecular electronic structure
properties. In this case the total energy of a molecule can be
expanded as the Taylor series of the applied external static
electric field F:
EtotF = Etot0 − 
i
iFi −
1
2!ij ijFiFj
−
1
3!ijk ijkFiFjFk − ¯ , 3
where i are the components of the permanent dipole mo-
ment and ij and ijk are the components of the linear polar-
izability and first hyperpolarizability tensors, respectively.
The squared component of the HR scattering first hyperpo-
larizability was calculated as follows:26,27
FF
02 =
6
35i iii
2 +
16
105ij iiiij j +
38
105ij iij
2
+
16
105 i,j,k,cyclic iij jkk +
20
35
xyz
2
. 4
Equations 2 and 4 describe the same values of the static
molecular hyperpolarizability. To distinguish hyperpolariz-
abilities calculated by the FF and TSM approaches we indi-
cated these values by the FF
0
and TS
0
, respectively.
Calculations were carried out as implemented in the
GAUSSIAN 03 package of quantum chemical programs.28 All
the cations reported in the present study were fully optimized
at the B3P86 and Hartree-Fock HF levels within the 6-31
+Gd , p basis set and cation 2 was also relaxed by the
MP2 method. Excited electronic states were analyzed by the
TD B3P86 approach. The FF POLAR= ENONLY,STEP
=10 keywords and TD-B3P86 calculations were performed
using the 6-311+ +Gd , p basis set. The differences of di-
pole moments between the mth excited and ground states
were estimated as follows:29
m =
Em0 − EmF
F
, 5
where EmF is the resonance energy of the mth band cal-
culated at the presence of external electric field F parallel to
molecular dipole moment. The unidirectional ICT was as-
sumed. The use of Eq. 5 to estimate the  values is more
preferable since it takes into consideration electronic corre-
lations that are neglected in commonly used one-particle
RhoCI density excited state dipole moment calculations.28
The FF calculations were carried out using B3P86
method too. Solvent effect was estimated by performing cal-
culations within the framework of the integral equation for-
malism polarizable continuum model PCM developed by
Tomasi and Persico.30 Since at present time modeling in bu-
tyronitrile solute is unavailable in the GAUSSIAN 03 program,
we restrict ourselves to study systems in MeCN and chloro-
form CHCl3 solutes. To verify the aptitude of comparison
MeCN calculated data with the butyronitrile measured ones,
the dependence of calculated excited state properties on the
solvent polarity for compound 2 was also examined in the
methanol and dichloromethane solutes. Net atomic charges
were calculated using the natural population analysis NPA
included in the natural bond orbital algorithm proposed by
Weinhold and co-workers.31–33 Excited state charge distribu-
tion was analyzed by employing the one-particle RhoCI den-
sity. The default GAUSSIAN 03 parameters were used in every
case.
III. RESULTS AND DISCUSSION
In order to verify the accuracy of the structure calcula-
tion by different optimization approaches, we compared the
molecular geometries obtained by calculations with that from
x-ray crystallographic analysis. In Table I, the HF, B3P86,
and MP2 gas phase and MeCN solute optimized geometry
FIG. 1. Chemical structures of chromophores investigated.
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parameters for stilbazolium cation 2 are presented together
with its x-ray crystallographic data.34 All the theoretical
structures are in a good agreement with the experimental
ones and the difference may be mainly due to the fact that
the calculation was carried out for cation in gas phase
MeCN solute, while x-ray crystallographic data were ob-
tained for a species packed in an ionic crystal. Therefore and
due to the high computation cost of the MP2 method, in the
present contribution only the HF and B3P86 optimization
calculations were performed for all other chromophores.
In Table II, the HF and B3P86 gas phase and MeCN
solute optimized geometry parameters for cation 4 are pre-
sented together with x-ray crystallographic data for 4 PF6
crystal.10 This salt has two independent cations in the unit
cell that show somewhat different degrees of planarity with
dihedral angles between pyridil and phenyl rings of
22.944° and 5.386°. Theoretical structures obtained in the
present contribution are planar, and the experimental inter-
atomic distances presented in Table II correspond to aver-
aged values of interatomic distances. Atoms are enumerated
as it is indicated in Fig. 2. For chromophore 1 all the the-
oretical structures show good agreement with the experi-
ment, while for compound 5 experimental x-ray data dem-
onstrate critical counterion dependence of the molecular
geometry Table III. As a result, comparison of the HF and
B3P86 optimized geometries with the experimental ones for
cations 1, 4, and 5 does not imply the most accurate
optimization approach. Here we will perform the indirect
accuracy evaluation of the different methods of molecular
geometry optimization by comparison of the theoretical esti-
mation of the electronic excitation properties with the experi-
mentally measured ones.
Since at present time modeling in butyronitrile dielec-
tric constant =20.8 solution is unavailable in the GAUSSIAN
03 program, we restrict ourselves to study systems in MeCN
=36.64 and CHCl3 =4.9 solutes. To verify the appro-
priateness of theoretical data comparison with experimental
ones, the compound 2 was also studied in the methanol,
ethanol, and dichloromethane solutes. The electronic excita-
tion properties of the cation 2 calculated in the solvents
different from considered in the previous table are presented
in Table IV. It is seen that the excited state properties do not
crucially vary in the interesting region of the butyronitrile
dielectric constant. By this reason the comparison of our the-
oretical results with experimental ones is valid in the frame-
work of the PCM consideration.
The results of TD-B3P86 analysis for the HF optimized
structures in all considered media and the B3P96 optimized
ones in the MeCN solute are summarized in Table V. The
calculations on the isolated cations predict the redshifts in
FIG. 2. Structures of cations 2 and 4 used for the study of optimization
accuracy.
TABLE I. The interatomic bond length for the experimental Ref. 34 and
gas phase MeCN solute optimized structures for cation 2. Atoms are
enumerated as it is indicated in Fig. 2.
Bond
Bond length Å
Expt. HF B3P86 MP2
N2–C1 1.445 1.4541.451 1.4531.451 1.4601.456
N2–C2 1.442 1.4531.450 1.4531.451 1.4591.456
N2–C3 1.370 1.3501.363 1.3511.357 1.3641.371
C3–C4 1.402 1.4191.414 1.4231.421 1.4271.423
C3–C6 1.415 1.4131.407 1.4191.417 1.4231.419
C4–C5 1.374 1.3651.373 1.3691.375 1.3851.389
C6–C7 1.360 1.3711.379 1.3711.378 1.3861.391
C5–C8 1.394 1.4061.399 1.4141.410 1.4161.411
C7–C8 1.409 1.4011.395 1.4121.409 1.4151.410
C8–C9 1.455 1.4351.459 1.4211.434 1.4351.453
C9–C10 1.350 1.3551.340 1.3701.361 1.3721.361
C10–C11 1.449 1.4321.455 1.4191.433 1.4341.451
C11–C12 1.408 1.4141.403 1.4191.414 1.4181.410
C12–C13 1.360 1.3571.365 1.3631.368 1.3821.383
C11–C14 1.392 1.4171.407 1.4211.414 1.4201.410
C14–C15 1.358 1.3561.362 1.3621.366 1.3801.384
N1–C13 1.358 1.3441.338 1.3561.352 1.3581.357
N1–C15 1.352 1.3461.343 1.3581.356 1.3601.357
N1–C16 1.460 1.4701.472 1.4641.465 1.4761.478
BLA 0.102 0.0790.117 0.0500.073 0.0630.091
TABLE II. The interatomic bond length for the experimental Ref. 10 and
gas phase acetonitrile solute optimized structures for cation 4. Atoms are
enumerated as it is indicated in Fig. 2.
Bond
Bond length Å
Expt. HF B3P86
N1–C1 1.486 1.4701.473 1.4611.465
N1–C2 1.311 1.3441.338 1.3591.356
C2–C3 1.350 1.3571.365 1.3621.372
C3–C4 1.386 1.4151.402 1.4231.417
C4–C5 1.401 1.4171.405 1.4241.420
C5–C6 1.326 1.3561.363 1.3611.370
C6–N1 1.348 1.3461.342 1.3611.358
C4–C7 1.422 1.4291.457 1.4111.430
C7–C8 1.337 1.3561.339 1.3791.371
C8–C9 1.406 1.4241.449 1.4001.418
C9–C10 1.358 1.3521.338 1.3791.373
C10–C11 1.403 1.4331.454 1.4031.421
C11–C12 1.343 1.3461.336 1.3731.368
C12–C13 1.463 1.4501.467 1.4221.439
C13–C14 1.394 1.3991.398 1.4121.413
C14–C15 1.381 1.3711.378 1.3701.380
C15–C16 1391 1.4131.411 1.4211.422
C16–C17 1.375 1.4081.405 1.4181.418
C17–C18 1.398 1.3741.383 1.3721.381
C13–C18 1.386 1.3961.392 1.4121.411
N2–C16 1.379 1.3601.368 1.3541.364
N2–C19 1.397 1.4511.449 1.4511.450
N2–C20 1.480 1.511.448 1.3521.449
BLA 0.078 0.0830.119 0.0320.056
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the energy of the ICT transition on going from 1 to 4. For
chromophores 1 and 2 the gas phase calculated values of
E are in good agreement with experimental ones, while for
3 and 4 the magnitudes of the redshifts are overestimated.
For all investigated compounds the gas phase simulations
grossly underestimate the  values. The inclusion of the
solvent effect affords the better agreement for all the values
of E, , and . The slight positive solvatochromism with
the increase of solvent polarity from the gas phase to chlo-
rophorm solute with following blueshift in more polar media
was predicted. The  quantities reveal the same tendency to
change as the E, while the  for all chromophores are
steadily increasing with the solvent polarity. Obtained results
for E and  are close to the B3P86/LanL2DZ gas phase data
calculated by Coe et al.,10,12 while the  estimated by Eq.
5 are significantly smaller than the one-particle RhoCI den-
sity calculated values reported in the cited articles. The effect
of MeCN solute on the ICT transition energy is the same as
that previously predicted12 but the solvent forced enhance-
ment of the  is about 2.5 times larger.
The inclusion of MeCN solvent affords a higher preci-
sion estimation of all the theoretical data in comparison with
results of EA measurements. In this case for all investigated
compounds calculations using the HF optimized geometries
reveal the better agreement with the EA experiments for the
E, , and  values than the B3P86 ones. The better agree-
ment with experiment indirectly indicates that the use of the
HF optimization approach provides more accurate equilib-
rium molecular structures. The use of the B3P86 optimized
geometries underestimates the  and simultaneously over-
estimates the  values relative to the results obtained for the
HF optimized ones. The MP2 optimized structures give re-
sults quite the same as the HF optimized ones, and due to its
high computational cost it will not henceforth be considered.
Since the HF optimized structures reveal the best agree-
TABLE III. Selected interatomic distances Å and dihedral angles ° for the experimental Refs. 8 and 9 and
theoretical gas phase and acetonitrile solute optimized structures of cations 1 and 5.
Cation 1
Bond Expt.a
HF B3P86
Gas Sol. Gas Sol.
C–NMe2 1.356 1.349 1.360 1.353 1.360
CPhb–CPh1c 1.410 1.411 1.406 1.418 1.415
CPh–CPh2d 1.372 1.370 1.377 1.375 1.380
CPh–CPy 1.456 1.450 1.468 1.441 1.453
CPy–CPy1e 1.409 1.414 1.405 1.420 1.414
CPy–cPy2f 1.360 1.361 1.366 1.369 1372
Angle1g 11.8 20.9 26.4 15.6 18.5
Cation 5
Bond Expt.h,i Expt.a,j
HF B3P86
Gas Sol. Gas Sol.
C–NMe2 1.360 1.372 1.351 1.362 1.353 1.358
CPh–CPh1c 1.414 1.392 1.416 1.411 1.421 1.419
CPh–CPh2d 1.377 1.387 1.369 1.376 1.371 1.376
CPh–CEth 1.433 1.568 1.437 1.457 1.422 1.433
CEth–CEth 1.363 1.277 1.353 1.341 1.369 1.362
CEth–CPy 1.435 1.639 1.433 1.453 1.419 1.430
CPy–CPy1e 1.406 1.396 1.415 1.406 1.420 1.415
CPy–CPy2f 1.357 1.353 1.357 1.362 1.363 1.366
NPy–CAr 1.436 1.451 1.449 1.447 1.438 1.438
Angle1g 10.8 12.38 0.0 0.0 0.0 0.0
Angle2k 55.8 28.20 84.8 67.7 52.1 52.0
BLA 0.071 0.327 0.082 0.114 0.052 0.070
aReference 9.
bPh=phenyl; Eth=ethenyl; Py=pyridyl; Ar=aryl.
cAverage CH–CN /C distance in 4-dimethylaminophenyl ring.
dAverage CH–CH distance 4-dimethylaminophenyl ring.
eAverage CH–CH distance in pyridyl ring.
fAverage CH–CH distance in pyridyl ring.
gAngle between planes of 4-dimethylaminophenyl and pyridyl rings.
hReference 8.
iData for 5 OTs salt.
jData for 5 PF6 salt.
kAngle between planes of pyridyl and N-aryl rings.
TABLE IV. Results of TD-B3P86 analysis for compound 2 in acetonitrile,
ethanol, and dichloromethane solutes. The HF optimized structures were
used.
E eV  D  D Solvent 	
2.61 10.55 12.03 Acetonitrile 36.64
2.61 10.62 11.94 Ethanol 24.55
2.55 10.89 10.96 Dichloromethane 8.93
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ment with EA experiments for all considered chromophores,
all the following analyses will be performed for the HF op-
timized geometries. Substituting the results from Table V
into Eq. 2 the values of TS
0
were estimated. The critical
quadratic nonlinear response enhancement in CHCl3 and
MeCN solutes relative to the gas phase one was predicted. To
verify it the molecular hyperpolarizabilities were indepen-
dently calculated by the FF method and reveal the excellent
agreement with the TSM calculated ones Table VI. For
cation 2 the 20% disagreement between TS
0
and FF
0
was
obtained but it cannot be distinguished experimentally since
the reported accuracies of the HRS and EA measurements
have the same precision.6,10 All the calculated values demon-
strate good agreement with EA experiments for cations 1,
2, and 5, whereas for compounds 3 and 4 theoretical
quantities are overestimated. The experimental HRS mea-
surements were carried only for cations 2 and 3. They do
not coincide with EA-derived values and demonstrate only
the tendency of the hyperpolarizability increasing with con-
jugation path elongation.
To explain such critical dependence of electronic excita-
tion properties on the way of the molecular structure optimi-
zation the following analysis was carried out. As it has been
demonstrated both experimentally and theoretically,35,36 the
bond length alternation BLA and bond order alternation are
the molecular structure parameters that strongly influence the
values of hyperpolarizability of -conjugated donor-acceptor
systems. According to Ref. 36 the value of BLA is defined as
the difference between the average carbon-carbon single and
double bond lengths in the polymethine backbone. To exam-
ine the applicability of the BLA analysis in our actual case,
the carbon-carbon interatomic bond lengths in polymethine
backbone for the MeCN optimized B3P86 geometries were
forced to be the same as that for the HF ones. The results of
TD-B3P86 calculations in MeCN solute for these structures
are summarized in Table VII.
TABLE V. The values of E eV,  D, and  D calculated by TD-B3P86 analysis in different media in
comparison with butyronitrile EA measurements Ref. 10. For each chromophore theoretical data were ob-
tained by using the HF optimized structures, except otherwise denoted.
Cation
Gas CHCl3 MeCN Expt.
E   E   E   E  
1 2.95 8.34 4.47 2.88 8.48 9.05 2.96 8.02 10.86 2.93 7.7 13.2
3.00a 8.66a 8.96a
2 2.61 10.98 4.00 2.51 11.12 9.80 2.61 10.55 12.03 2.58 9.1 16.3
2.60a 11.37a 9.36a
2.56b 10.63b 11.88b
3 2.29 12.80 4.75 2.21 12.68 13.58 2.34 11.97 17.05 2.47 9.1 20.4
2.34a 13.64a 11.07a
4 2.02 14.14 5.70 2.03 13.56 21.41 2.15 13.01 22.98 2.37 11.8 24.0
21.2a 15.79a 12.90a
5 2.60 11.54 4.46 2.48 11.86 9.92 2.56 11.36 12.11 2.41 9.4 16.3
2.52a 12.74a 9.82a
aObtained using the B3P86 optimized structure.
bObtained using the MP2 optimized structure.
TABLE VI. Calculated values of FF
0
and TS
0 in 10−30 esu compared with
experiment. Data in he parentheses are derived by the one-particle RhoCI
density estimated  values Table XII.
Compound
Theory
Expt.
Gas MeCN
FF
0 TS
0 FF
0 TS
0
1 40 42 126 107 93 164 108a
2 104 83 284 273 231 371 236a
25b
3 174 173 743 572 520 778 328a
290b
4 337 328 1537 1018 986 1396 694a
5 97 103 358 315 278 438 288a
120b
aThis values was estimated from the EA experimental data by Ege, ge, and
ge measured in butyronitrile Ref. 10 using Eq. 2.
bThis value was obtained via Eq. 1 from the  measured by HRS in MeCN
at a 1300 nm as a fundamental beam Ref. 9.
TABLE VII. Results of TD-B3P86 analysis for the B3P86 optimized struc-
tures with carbon-carbon interatomic lengths in polymethine forced to be the
same as those for the HF ones.
Cation E eV  D  D
1aa 2.96 8.59 9.57
1bb 2.92 8.24 10.30
2 2.57 10.81 11.18
3 2.30 12.34 15.83
4 2.09 13.38 21.53
5 2.49 11.97 11.65
aOnly phenyl-pyridinium distance was modified.
bBoth values of phenyl-pyridinium distance and dihedral angle were modi-
fied.
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In cation 1 phenyl and pyridinium rings are directly
connected. To clarify the issue why the HF optimized struc-
ture gives more accurate results for the excited state proper-
ties, the following study of compound 1 was performed. In
the B3P86 MeCN solute optimized structure the phenyl-
pyridinium bond length was modified to make it the same as
the HF optimized one case 1a. In this structure the addi-
tional change of the phenyl-pyridinium dihedral angle to
20.9° was also performed case 1b. For structure 1a the
results of TD-B3P86 calculations are in better agreement
with EA experiments than for B3P86 optimized one. In the
case of 1b further accuracy increase was obtained. As a
result, employing such modification of the B3P86 optimized
structure reduces the disagreement between the  and 
obtained using the HF and B3P86 geometries by the value
about 70% and makes all the calculated values of E closer to
the experimental one. Thus, for cation 1 both values of
phenyl-pyridinium bond length and dihedral angle are criti-
cal geometry parameters that are more accurately predicted
by the HF optimization approach.
For compounds 2–5 modification of the -conjugated
spacer leads to the decrease of electronic transition energy.
The transformation of polymethine backbone for cation 2
demonstrates the 70% reduction of the discrepancy between
the HF and B3P86 geometries for both values of  and ,
while for compound 5 it gives 55% and 80% deviation
reductions for these quantities, respectively. The change of
only three bond lengths leads to the significant variation of
the calculated electronic excitation properties and it allows
us to consider the BLA as the key geometry parameter even
for compounds 2 and 5. For chromophores with extended
conjugation path 3 and 4 the 80% discrepancy reduction
for  and  was obtained. Since by the HF optimized
structure all the values of E, , and  are in the best agree-
ment with the EA measurements all the following analyses
will be performed using these geometries.
To consider the geometry and solvent polarity effects
separately, the TD-B3P86 analysis by the HF/MeCN opti-
mized structures was carried out. The results are presented in
Table VIII. The solvent effect on the molecular geometry
itself demonstrates the decrease of the E and  and the in-
crease of the  values. Further changes of these values in
MeCN solute are caused by the solvent.
To prove that the HF optimized geometries provide the
better description of the first excited state properties nonac-
cidentally, the calculated resonance energies for the second
excited state are compared with the corresponding values for
UV-visible absorption spectra maxima Table IX. Excepting
the case of cation 1, the HF optimized structures demon-
strate the better agreement with experiment. By this reason it
could be supposed that such better description of electronic
excitation properties by employing the HF geometries is not
casual. Compound 1 should be considered separately since
in this case donor and acceptor moieties are connected to-
gether directly and geometry peculiarities influence on the
NLO response had been considered above. The origin of this
is beyond the boundaries of the present contribution.
The values of TS
0 in relation to the BLA for cations
2–5 are plotted in Fig. 3. The qualitative behavior per-
fectly agrees with the results of Bredas and co-workers.35,36
BLA values for the all compounds in MeCN are close to be
optimal and the maximal first hyperpolarizabilities could be
observed in solvents possessing sufficiently small polarity
such as chloroform. In the last case change of media polarity
from the gas phase to chloroform solute leads to the small
redshifted solvatochromic effect that is altered by the small
blueshifted one. The origin of this phenomena is the fact that
the extremum of the E as a function of the BLA value is
slightly shifted from cyanine limit to the polyene area.35,36
The BLA realized in the compounds 2–5 is around this
value.
In order to understand the origin of enhancement of 
value and as a consequence the first static hyperpolarizability
in solution comparing with the gas phase, charge distribution
in different media was calculated. Obtained results are sum-
marized in Table X. If there is no charge transfer between the
donor dimethylaminophenyl group, part A and acceptor
N-methyl-N-aryl- pyridinium group, part C through the
-conjugated spacer C2H2n group, part B, the pyridinium
ring should have a charge of +1e, where e is the elementary
electric charge. In this case the BLA value has to correspond
to polyene limit. Since the calculated charge on part C is less
TABLE VIII. Results of gas phase TD-B3P86 analysis for the HF/MeCN
optimized structures.
Cation E eV  D  D
1 2.80 7.86 5.39
2 2.48 10.40 5.00
3 2.13 11.86 5.99
4 1.84 12.95 6.87
5 2.48 11.16 5.59
TABLE IX. The TD-B3P86/PCM calculated second excited state resonance
energies in eV for the HF and B3P86 optimized structures in comparison
with experimental UV-visible absorption spectra in MeCN Refs. 8–10.
Compound HF B3P86 Expt.
1 5.03 4.93 4.97
2 4.16 4.09 4.34
3 3.57 3.92
4 3.29 3.18 3.65
5 4.07 3.89 4.01
FIG. 3. The BLA dependence of TS
0 for compounds 2–5 calculated in
different media.
234702-6 Inerbaev et al. J. Chem. Phys. 125, 234702 2006
Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
than +1e, electrons are donated from part A for other mo-
lecular moieties and the BLA values are closer to the cyanine
limit. With elongation of -conjugated bridge the ground
state electron density on the A and C parts decreases in gas
phase MeCN solute with simultaneous increasing of charge
density on the polymethine bridge. Cation 2 is more polar
in the gas phase than N-arylated compound 5 and vice
versa in MeCN solute. In comparison with the gas phase,
solute calculated charge distribution demonstrates additional
polarization for all investigated chromophores and the BLA
values increase. As a result, the ground state dipole moments
of all cations increase as it is shown in Table XI. Solvent also
enhances the ICT. To illustrate this the ground-to-excited-
state charge transfer in the gas phase and MeCN solute cal-
culated by subtraction of excited state net charge on corre-
sponding molecular moiety from the same value in the
ground state is plotted in Fig. 4.
The use of the one-particle RhoCI density for  calcu-
lation gives results different from that obtained by Eq. 5
Table XII. In this case the media polarity dependence of
 is much weaker. The dependence of TS
0
values on sol-
vent polarity estimated employing the one-particle RhoCI
density in comparison with the FF calculated results is in
strong disagreement Table VI. This is caused by the neglect
of the one-particle RhoCI density approach of the electronic
correlations. Thus, the use of Eq. 5 is more preferable in
spite of the better agreement with the experiment for the
previously reported result =14.6 D Ref. 12 since the
one-particle RhoCI density calculations do not provide the
correct dependence of the  and 0 on the media polarity.
IV. CONCLUSION
The molecular geometry, first excited state properties,
quadratic nonlinear optical response, and charge distribution
for ground and excited states of a series of dyes with ex-
tended conjugation path and one N-arylated stilbazolium
were investigated. Nonlinear optical response for all com-
pounds is estimated by both finite-field and two-state model
approaches that demonstrate an excellent qualitative mutual
agreement. Time-dependent density functional theory calcu-
lations on the isolated cations predict redshift in the energy
of the intramolecular charge transfer transition on going from
1 to 4. This effect is overestimated for cations 3 and 4.
At the same time, for all compounds the  values were
grossly underestimated in comparison with the Stark spec-
troscopy measurements. The inclusion of MeCN solvent by
TABLE X. Different media NPA calculated charge distribution in the ground and excited states for investigated
compounds.
Cation
Charge in A Charge in B Charge in C
Media
Ground
state
Excited
state
Ground
state
Excited
state
Ground
state
Excited
state
1 0.304 0.816 ¯ ¯ 0.696 0.184 Gas
0.196 0.832 ¯ ¯ 0.804 0.168 MeCN
2 0.281 0.724 0.084 0.027 0.635 0.249 Gas
0.145 0.708 0.094 0.023 0.761 0.269 MeCN
3 0.270 0.731 0.096 0.008 0.634 0.261 Gas
0.128 0.702 0.097 −0.002 0.775 0.300 MeCN
4 0.206 0.698 0.199 0.078 0.596 0.225 Gas
0.099 0.665 0.138 0.039 0.764 0.298 MeCN
5 0.262 0.671 0.092 0.051 0.646 0.278 Gas
0.161 0.710 0.092 0.023 0.747 0.267 MeCN
aThe unit is the elementary electric charge.
bThe way of partitioning of investigated chromophores on A, B, and C molecular moieties is described in the
text.
TABLE XI. The values of ground state dipole moment g D calculated in
different media using B3P86 functional and the HF optimized structures.
Compound Gas CHCl3 MeCN
1 5.8 8.6 9.7
2 7.3 11.1 12.9
3 9.4 15.6 17.6
4 12.2 21.4 22.7
5 1.1 5.1 5.2
FIG. 4. Gas phase and MeCN solute calculated ground-to-excited-state ICT
for investigated compounds. The plotted values were obtained by subtrac-
tion of excited state net charge on corresponding molecular moiety from the
same value in the ground state.
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polarizable continuum model affords a better agreement with
experiment for both of these quantities. With the increase of
media polarity from the gas phase to chloroform solute, the
slight redshifted solvatochromic effect is predicted. This ef-
fect is altered by the small blueshifted ICT energy change. It
was shown that use of the HF optimized structures gives the
best agreement for calculated excited state properties with
experimental data. This effect is associated with more accu-
rate prediction of the BLA values by the HF optimization
scheme.
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